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Abstract
In this paper, site-specific management zones (MZs) were delineated in three fields belonging to a farm in the center of Italy and 
characterized by different soil texture. Crop yield and various soil parameters, both physical (soil structural stability, clay fraction, 
water content, and organic matter) and mechanical (shear strength and penetration resistance) were monitored. Yield data were acquired 
by means of a combine harvester equipped with a precision land management system during three consecutive growing seasons. At 
the end of the third growing season, soil properties were investigated by means of georeferenced soil sampling. After data gathering, 
a fuzzy clustering algorithm was applied to define management zones. Results highlighted spatial variability between the three fields 
and temporal variability between the three consecutive growing seasons. Whilst the latter could be ascribed to the rainfall distribution 
(therefore moisture could be considered as a limiting factor in wheat growth), the delineated MZs suggest that clay content and organic 
matter could affect both mechanical parameters of soil and crop yield. The defined MZs can serve as a basis to generate prescription 
maps for variable-rate application inputs and variable tillage.  
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Introduction
Precision agriculture technologies and variable rate 
application (VRA) of inputs can play a fundamental 
role in the farm management, improving production 
and nutrient use efficiency (Monaghan et al., 2013; 
Hedley, 2015). Traditionally, agricultural fields have 
been managed as single units, although it has long 
been known that soil condition and crop yield are not 
homogeneous within them (Frogbrook & Oliver, 2007; 
Vitha rana et al., 2008; Alletto et al., 2010; López-Lo-
zano et al., 2010). Traffic of agricultural machines may 
vary in terms of intensity and geographical distribution 
on the field. As a consequence, high variability of soil 
physical properties and crop yield may occur, even in 
soils characterized by homogeneous distribution of 
physical properties (Mouazen et al., 2003; Servadio, 
2010). Spatial and temporal variability of soil properties 
may affect crop growth, yield and quality at the within-
field scale (Diacono et al., 2012). The magnitude and 
structure of such variability may suggest the suitability 
of site-specific management, with the aim of increasing 
both profitability of crop production and environment 
protection (Godwin & Miller, 2003; Mzuku et al., 
2005; Vitharana et al., 2006). Site-specific management 
can improve the energy efficiency of the farm (Servadio 
& Bergonzoli, 2015) by optimizing the application of 
inputs. Therefore, it can reduce the negative impacts 
of pollution due to over-application of chemicals (Di 
Fonzo et al., 2001; Basso et al., 2011). Moreover, the 
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enlargement of single management units, resulting 
from the enlargement of arable lands, can encourage 
the application of non-uniform management techniques 
(Sylvester-Bradley et al., 1999), including soil tillage 
(Servadio et al., 2014).
The subdivision of the field in management zones 
(MZs) is based on the knowledge of the spatial 
variability of soil parameters that are, generally, 
stable with respect of time and related to crop yield 
(Schepers et al., 2000, 2004). Once a data set has been 
acquired, cluster analysis can be performed to define the 
management units (Taylor et al., 2003; Fleming et al., 
2004) by implementing, for instance, fuzzy k-means or 
Gustafson-Kessel algorithms (Höppner, 1999; Stafford 
et al., 1999; Vrindts et al., 2005; Guo et al., 2013). 
To delineate these zones, various parameters have 
been evaluated in literature. For example, MZs were 
defined considering yield (Vrindts et al., 2005; Xiang et 
al., 2007; Diacono et al., 2012), soil fertility (Ortega & 
Santibáñez, 2007; Davatgar et al., 2012; Van Meirvenne 
et al., 2013), or soil electrical-hydraulic properties 
(Moral et al., 2010; Keller et al., 2012; Naderi-Boldaji 
et al., 2013; Doolittle & Brevik, 2014). A combined use 
of different sets of parameters, such as a combination of 
physical and chemical soil parameters (Servadio et al., 
2017), could lead to an in-depth investigation into spatial 
heterogeneity and to a more comprehensive knowledge 
of soil plant system (Beni et al., 2012). Among the 
physical parameters, soil strength influences many 
aspects of the cultivation, such as tractors performance 
during tillage (Servadio & Bergonzoli, 2015; Servadio 
et al., 2016) and root growth. Furthermore, when 
compaction occurs, soil permeability and regeneration 
can be reduced (Manuwa & Olaiya, 2012). Variations 
of soil texture may also have a significant effect on 
soil management, as studied in previous investigations 
(Vitharana et al., 2006; Gooley et al., 2014; Havaee et 
al., 2014).
The novel contribution of this paper consists of a 
new combination of limiting-governing factors on 
three different soil texture (clay loam, sandy clay loam, 
clay), in order to identify and investigate potential 
MZs. More specifically, soil texture, organic matter and 
water content were selected as limiting factors for the 
yield and as governing factors for the soil mechanical 
status. The three different soil types were classified 
as Cambisol (FAO, 2006). The soil mechanical status 
was described by means of the following parameters: 
structural stability, shear strength, and penetration 
resistance. The limiting-governing factors were used as 
input parameters in a fuzzy clustering algorithm, in order 
to: i) identify potential management zones; ii) analyze 
the influence of the soil attributes on soil mechanical 
properties and on crop yield; iii) analyze and compare 
to each other the results related to different soil types; 
iv) provide information for site-specific management 
within the field. The results of this study provide the 
basis for the generation of prescription maps, therefore 
for VRA of inputs and variable soil tillage.
Material and methods
Site and data acquisition
The tests were performed in three different fields 
belonging to a farm in center of Italy (locality Maccarese, 
province of Rome, Lazio). As shown in Fig. 1, the 
three fields, labeled F1-N [41°52’59” Latitude (N), 
12°13’37” Longitude (E)], F2-C [41°50’54” Latitude 
(N), 12°14’48” Longitude (E)], and F3-S [41°49’28” 
Latitude (N), 12°14’10” Longitude (E)], are located in 
the northern, central, and southern sector of the farm, 
respectively. The chosen fields represent three different 
soil types. For each field, soil texture, soil classification 
and field size are reported in Table 1.
Figure 1. Fields location in a farm of central Italy.
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In this study, three cropping seasons were consi-
dered, and meteorological data were acquired for 
each season by a weather station type Davis Vantage 
Pro2, located inside the farm [41°53’13” Latitude (N), 
12°11’18” Longitude (E)]. More specifically, monthly 
rainfall and minimum and maximum temperatures were 
recorded from October 2007 to July 2010. The climatic 
conditions, typical of the Mediterranean climate, were 
reported and discussed in a previous study (Servadio 
et al., 2017). The same management technique 
was applied for each field. Every year, the soil was 
ploughed at 0.40 m depth and then harrowed at 0.20 m 
depth with a rotary harrow. After the preparation of the 
seedbed, wheat (Triticum durum L.) was sown in each 
field in the second half of October, and immediately 
was fertilized with 150 kg/ha of ammonium nitrate. A 
second fertilization was performed at the mid-season 
growth stage with 200 kg/ha of urea. Finally, the crop 
was harvested in mid-July for each growing season, 
using a combine harvester (New Holland, NH CX860 
equipped with PLM System). To obtain grain yield 
values, the harvester was equipped with GPS sensor 
(for the acquisition of EGNOS signal) and a grain mass 
flow sensor. The acquired data were processed with 
the Precision Land Management Software (Case New 
Holland, Inc.). 
Sampling test and measurements
To determine some soil physical properties, and 
quantify within field spatial variability, a georeferenced 
soil sampling was performed at the end of the third 
growing season. Soil samples were collected on a 
30×30 m grid pattern, from 0 m to 0.20 m depth (for 
composited samples, 3 sub-samples were collected from 
the vertices of a 3 m side triangle). The defined grid led 
to the definition of 20 points per field, corresponding 
to about ten samples per hectare of soil. This number 
of samples is considered acceptable (Diacono et al., 
2012). Each sampling location was georeferenced using 
a GPS device (mod. GEO XM, Trimble navigation, 
CA, USA) and differential correction was performed 
using the post processing software Trimble Pathfinder 
Office (vers. 4.20, Trimble navigation, CA, USA). For 
each sampling point, structural stability, water content, 
soil texture and organic matter were determined. 
Furthermore, as soil strength indicators, measurements 
of shear strength and penetration resistance were 
performed, from 0 m to 0.20 m depth. Structural 
stability of soil aggregates was determined on the 0.25 
mm fraction using a wet sieving apparatus (8 sieves) 
Eijkelkamp, by means of the Kemper method (Kemper 
& Chepil, 1965). This method is based on the principle 
that unstable aggregates break down more easily than 
stable aggregates when immersed into water. The sieves 
were filled with a certain amount of soil aggregates and 
placed in a can filled with water, moving upward and 
downward for a fixed time. Unstable aggregates fell 
apart, passed through the sieve and were collected in 
the water-filled can underneath the sieve. After, the cans 
were removed and replaced by new water-filled cans. 
When all aggregates were destroyed, sand and plant 
roots remained on the sieve, and only aggregates were 
considered. After drying the cans with the aggregates, 
the weight of both stable and unstable aggregates were 
measured, and the weight of stable aggregates was 
divided by the total weight of the aggregates. 
Regarding the water content, the soil samples were 
extracted with a corer sampling ring, weighed and 
then dried until they reached a constant weight. The 
soil texture was determined by sedimentation after 
separation of clay, sand, and silt, whereas the organic 
matter content was derived from the total organic carbon 
(C × 1.72). Considering the soil strength indicators, 
shear strength was measured using a field inspection 
vane tester, from 0 to 260 kPa (Eijkelkamp model 
14.05). According to the ASAE standard, the cone 
index was determined using a self-recording electronic 
penetrometer (Eijkelkamp penetrologger model 06.15.
SA), with a 60° cone and base area of 100 mm2, driven 
into the soil at a constant velocity (5 cm/s). 
Identification of management zones
In order to define site-specific management zones, 
a cluster analysis based on fuzzy c-means algorithm 
(FCM) was conducted to: (i) identify, for each field, 
potential management zones; (ii) analyze, for each field, 
the influence of some soil attributes on soil mechanical 
properties and on crop yield; (iii) compare the results 
of each field and identify the most important factors 
affecting soil mechanical status and crop yield.
Input and output parameters of the cluster analysis
Soil texture, organic matter and water content were 
selected as limiting factors for the yield and as governing 
factors for the soil mechanical status, represented by the 
following set of soil mechanical parameters: structural 
stability, shear strength and penetration resistance. To 
avoid the spurious correlations due to the compositional 
nature of the textural fractions (individual elements sum 
Table 1. Soil type, classification and size of the fields.
Field Soil type Classification1 Size (ha)
F1-N Clay loam Cambisol 2.7
F2-C Sandy clay loam Cambisoil 2.5
F3-S Clay Cambisoil 2.3
1World Soil Resources Reports (FAO, 2006).
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to 100%), only the clay fraction was considered as input 
(Vitharana et al., 2008). Therefore, clay percentage, 
organic matter and water content were selected as input 
parameters in the cluster analysis, whereas structural 
stability, shear strength, penetration resistance and 
yield were selected as test parameters.
The previous parameters were chosen for the 
following reasons.
1. Input parameters:
a) Clay content was selected as soil strength indicator 
and as indicator of soil compaction susceptibility 
(Marsili et al., 1998; Servadio et al., 2005). According 
to Kumar et al. (2012), for both no-tillage and 
conventional tillage, cone index values depends on 
clay fraction values, whereas Eneje & Adanma (2007) 
observed a trend and a degree of relationship between 
clay content and aggregate stability.
b) Water content was chosen as yield limiting factor 
(Melo Damian et al., 2016). This parameter, generally, 
varies with respect to time. However, despite large 
variation over time and space of the specific points of the 
field, Vachaud et al. (1985) showed that spatial patterns 
of soil moisture changed little with respect to time. 
Temporal stability of soil moisture was recognized by 
some authors (da Silva et al., 2001; Starr, 2005; Cosh 
et al., 2008; Guber et al., 2008; Brocca et al., 2009; 
Coppola et al., 2011). Since water content is related to 
soil hydraulic and mechanical properties and it follows 
quasi-steady spatial patterns with respect to time, it was 
considered as input parameter in the cluster analysis. 
In particular, water in soil acts both as a lubricant and 
as a binding agent among the soil particulate materials, 
then it influences soil structural stability (Dane & Topp, 
2002). It also affects soil shear strength (Bláhová et 
al., 2013) and cone index values (Kumar et al., 2012; 
Servadio, 2013).
c) Organic matter was selected as soil quality 
indicator. The results from the study conducted by 
Ekwue (1990) showed that the influence of organic 
matter on soil shear strength depends on whether or not 
it improves soil aggregate stability. Moreover, Soane 
(1990) highlighted that: i) strength of aggregates is 
closely related to the presence of organic matter, roots 
and fungal hyphae; ii) maintenance of aggregate stability 
through appropriate crop management practices will 
enhance soil resistance to compaction loads; iii) soil 
compaction is sensitive to even quite small change in 
the amount of organic matter. 
2. Test parameters: 
Soil structural stability, shear strength and pene-
tration resistance were selected as test data set. To 
evaluate the performance of the analysis, yield was 
also included in this set, rather than in the input set 
for delineating MZs. The grain yield is the resultant of 
the complex interactions among root growth and soil, 
in term of soil structure, soil strength, water content 
and soil nutrient availability (Córdoba et al., 2013). 
Soil compaction reduces the soil permeability to 
water, reduces regeneration of the soil (compromising 
metabolic activities of roots), and increases the 
mechanical strength of the soil (obstructing root 
growth) (Tracy et al., 2011). The relative importance 
of these factors depends on the soil-water regime. 
Shear strength and penetration resistance, considered 
as soil strength indicators, were widely used to assess 
trafficability and workability of soil, and to define the 
status of soil in function of the crop growth (Servadio 
et al., 2014, 2016; Servadio & Bergonzoli, 2015). A 
reduction in soil compaction resulted in an increase 
of yield, attributed to the lowering of the mechanical 
impedance to root growth (Hamblin, 1985). Therefore, 
soil penetration resistance and shear strength can help 
to identify areas where soil mechanical characteristics 
are negatively affecting yield. Both shear strength and 
penetration resistance depends on clay fraction (Kumar 
et al., 2012) and on moisture content (Servadio et al., 
2005; Manuwa & Olaiya, 2012; Bláhová et al., 2013).
Cluster analysis algorithm
Fuzzy classification produces a continuous grouping 
of objects by assigning partial class membership 
values, according to the properties variability in the soil 
continuum (Bezdek et al., 1984; Cannon et al., 1986; 
Pal et al., 2005). In the present investigation, fuzzy 
c-means algorithm was applied by using the FuzMe 
software functions (Minasny & McBratney, 2002) in 
MATLAB (www.mathworks.com). 
In order to perform the cluster analysis, the number 
of zones and the fuzziness exponent have to be defined. 
In many investigations, the number of classes range 
from two to eight or nine (Fridgen et al., 2004; Vrindts 
et al., 2005; Reyniers et al., 2006; Davatgar et al., 
2012). Regarding the fuzziness exponent φ, its value 
can be chosen between 1 and infinity. A value close 
to 1 represent a FCM approaching the hard c-means 
algorithm, while a value approaching infinity represents 
a solution approaching the highest degree of fuzziness. 
Odeh et al. (1992) set φ equal to 1.35, while Bezdek 
suggested [1.5-3] as range of possible values (Bezdek 
et al., 1984). Many researchers proposed φ = 2 (Yu et 
al., 2004).
In this investigation, calculations were performed 
by setting equal to 8 the maximum number of clusters, 
and equal to 2 the fuzziness exponent. The convergence 
tolerance was set equal to 0.0001. The Mahalanobis 
distance was used to calculate the distance of data points 
to cluster center points (Vrindts et al., 2005; Reyniers 
et al., 2006). Regarding the clustering validation, 
Fuzzy clustering to delineate management zones in precision agriculture 
Spanish Journal of Agricultural Research December 2018 • Volume 16 • Issue 4 • e0206
5
Considering the spatial variability, F2-C and F3-S 
were more productive with respect to F1-N in 2008-
09, whereas F1-N and F3-S were more productive with 
respect to F2-C in 2009-10. Since the weather conditions 
were the same, such variability could be ascribed to the 
soil physical-chemical properties. 
Average values of the three growing seasons show that 
the recorded yield was higher in the F3-S (clay) and in 
F1-N (clay loam). Both fields were characterized by high 
content of clay and organic matter (as shown in Table 3) 
with respect to F2-C (sandy clay loam).
Soil parameters
The mean values of soil water content (WC), organic 
matter content (OMC) and clay content (CC) (used as 
data sources in cluster analysis), together with standard 
fuzziness performance index (FPI), normalized 
classification entropy (NCE) and separate fuzzy validity 
(S) were used to evaluate the optimum number of 
classes. More specifically, the FPI function estimates the 
degree of fuzziness generated by a specified number of 
classes, while the NCE function estimates the degree of 
disorganization created by a specified number of classes 
(Gorsevski et al., 2006). The S function is a measure of 
the ratio of variance within the clusters to the variance 
between the clusters (Xie & Beni, 1991). The optimal 
number of clusters were selected by minimizing the FPI, 
NCE, and S indexes. In case of more than one minimum, 
the option with the smallest number of clusters was 
selected, following a rule of parsimony (Lark & Stafford, 
1997; Reyniers et al., 2006).
Statistical methods
Descriptive statistics including mean, standard 
deviation (SD), coefficient of variation (CV), and 
standard error (SE) were determined for the input 
parameters (clay content, organic matter, water content), 
for the test parameters (structural stability, shear strength, 
penetration resistance), and for the yield of the three 
seasons (2007/08, 2008/09, 2009/10).
Results
Wheat yield
The mean values of wheat yield (referred for each 
field, to the three consecutive growing seasons 2007–10), 
together with standard deviation, coefficients of variation 
and standard error are listed in Table 2. 
Considering the temporal variability, the data show that, 
both in 2007–08 and 2009–10, yield mean values were in 
the range 5.00–7.03 t/ha, except for F2-C (2.74 t/ha in 
2009-10, lower with respect to the others means). In 2008–
09, the mean yield values were lower (2.80–3.81 t/ha) 
with respect to the above reported values. Such temporal 
variability could be ascribed to the meteorological pattern 
recorded during the three seasons. In particular, referring 
to the rain precipitation, in the period from October to 
July mean values of rainfall were higher in 2009–2010 
(824 mm) and 2008–2009 (642 mm) in comparison with 
2007–2008 (446 mm). More specifically, during February, 
March, and April 2009, rainfall values resulted very low 
(27, 51 and 15 mm, respectively) with respect to the same 
period of 2008 (91, 34 and 75 mm, respectively) and 2010 
(68, 67, and 73 mm, respectively). Furthermore, in May 
2009, a very high rainfall value (52 mm) was recorded 
with respect to the same month of 2008 (28 mm) and 2010 
(8 mm). See Servadio et al. (2017) for more details.
Table 2. Fields descriptive statistics for wheat yield: mean 
value (MV, t/ha), standard deviation (SD, t/ha), coefficients 
of variation (CV, %) and standard error (SE).
Field Season MV SD CV SE
F1-N 2007-08 6.50 2.49 38.5 0.556
2008-09 2.80 0.73 26.1 0.163
2009-10 5.00 1.33 26.4 0.297
2007-2010 4.80 2.25 47.2 0.290
F2-C 2007-08 6.34 1.86 29.4 0.417
2008-09 3.81 1.15 30.3 0.257
2009-10 2.74 1.31 47.8 0.292
2007-2010 4.29 2.10 48.9 0.271
F3-S 2007-08 7.03 0.92 13.1 0.207
2008-09 3.70 0.62 16.9 0.139
2009-10 5.02 1.46 29.1 0.326
2007-2010 5.25 1.73 32.9 0.223
Table 3. Fields descriptive statistics for soil physical-
chemical properties (in g/kg) used as input data: mean 
value (MV) standard deviation (SD), coefficient of 
variability (CV, %) and standard error (SE).
Field Soil parameter1 MV SD CV SE
F1-N WC 219 11.6 5.28 2.59
OMC 23.4 2.23 9.40 0.50
CC 345 26.4 7.64 5.89
F2-C WC 198 28.8 14.6 6.44
OMC 13.5 3.00 22.2 0.67
CC 307 41.4 13.5 9.25
F3-S WC 197 46.5 23.6 10.4
OMC 24.3 1.99 8.19 0.44
CC 583 26.1 4.47 5.83
1WC: water content. OMC: organic matter content. CC: clay 
content.
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deviation, coefficient of variability and standard error, 
are listed in Table 3. Results show that CC was higher in 
F3-S and in F1-N (583 and 345 g/kg, respectively) with 
respect to F2-C (307 g/kg). WC in Field F1-N was higher 
(219 g/kg) in comparison with F2-C and F3-S (198 and 
197 g/kg, respectively), whereas OMC was higher in 
F1-N and F3-S (23.4 and 24.3 g/kg, respectively) with 
respect to F2-C (13.5 g/kg).
Results of mean values of soil structural stability 
(STA), shear strength (STR) and cone index (CI), together 
with standard deviation, coefficient of variability and 
standard error, are shown in Table 4. STA was higher 
in F2-C (683 g/kg) with respect to F3-S (496 g/kg) that, 
in its turn, was higher with respect to F1-N (332 g/kg). 
STR and CI were higher in F3-S (215 kPa and 2.47 MPa, 
respectively) with respect to F2-C (58.1 kPa and 1.18 
MPa, respectively), which also were higher with respect 
to F1-N (33.4 kPa and 0.39 MPa, respectively). The 
analyzed soil parameters and their fields variability can 
be considered as good indicators of the soil status and 
then as input parameters for the definition of MZs.
Definition of management zones 
Regarding the cluster analysis performed on the F1-
N, F2-C and F3-S fields, the optimal clustering results 
were obtained with a number of classes equal to 4, 5 
and 5 respectively. The values of FPI, NCE, and S, 
with respect to the number of classes c, are shown in 
Fig. 2.
Tables 5 and 6 list, for each field and for its 
corresponding MZs, the mean values and the CV 
of the input parameters and of the test parameters, 
respectively. The defined management zones of the 
fields F1-N, F2-C and F3-S are depicted in Figs. 3a, 
3b, and 3c, respectively. 
‒ Management zones of the Field F1-N
Cluster analysis of F1-N produced four management 
zones, as shown in Fig. 3a. The clay-loam field was 
characterized by 4,80 t/ha three years average yield 
(Table 2), 219 g/kg WC, 23.4 g/kg OMC, and 345 g/kg 
CC (Table 3). As reported in Table 5, with respect to the 
mean values of the whole field, zones 1 and 2 achieved 
high values of CC (368 and 343 g/kg, respectively), 
OMC (23.6 and 25.0 g/kg, respectively) and WC 
(228 and 224 g/kg, respectively). Zone 3 achieved a 
high value of CC (346 g/kg) and the lowest value of 
OMC (21.7 g/kg). Regarding the data set parameters 
showed in Table 6, zones 1, 2 and 3 showed the highest 
values of STA (449, 368 and 358 g/kg, respectively), 
and zones 2 and 3 achieved the higher values of yield 
(5.09 and 4.93 t/ha, respectively). A trend of very low 
soil strength values in term of STR and CI was found 
among the zones. 
‒ Management zones of the Field F2-C
Cluster analysis of F2-C produced five management 
zones, as shown in Fig. 3b. The sand clay loam field 
was characterized by 4.29 t/ha three years average yield 
(Table 2), 198 g/kg WC, 13.5 g/kg OMC and 307 g/kg 
CC (Table 3). As reported in Table 5, with respect 
to the mean values of the whole field, zones 4 and 5 
achieved the highest values of CC (371 and 340 g/kg, 
respectively) and WC (219 and 220 g/kg, respectively ). 
Also, OMC was equal to 14.2 g/kg in both zones, very 
close to the maximum value registered in Zone 3 (14.4 
g/kg). Regarding data set parameters in Table 6, zone 2 
showed the higher values of STR (73.9 kPa), CI (1.34 
MPa) and STA (762 g/kg). Zones 3 and 4 showed high 
STA values (720 and 718 g/kg, respectively) and zones 
4 and 5 achieved highest values of yield (4.68 and 4.64 
t/ha, respectively). A trend of medium soil strength 
values in term of STR and CI was found among the 
zones, and zones 4 and 5 showed the lower values of CI 
(1.09 and 1.11 MPa, respectively).
‒ Management zones of the Field F3-S
Cluster analysis of F3-S produced five 
management zones, as shown in Fig. 3c. Clay Field 
3 (F3-S) was characterized by 5.25 t/ha three years 
average yield (Table 2), 197 g/kg WC, 24.3 g/kg 
OMC and 583 g/kg CC (Table 3). As reported in Table 
5, with respect to the mean values of the whole field, 
zones 1, 2 and 3 achieved the highest values of CC 
(588, 594, and 586 g/kg, respectively). Zones 3 and 
4 presented high values of OMC (26.5 and 25.2 g/kg, 
respectively), and zones 2, 3 and 5 presented high values 
of WC (239, 207 and 207 g/kg, respectively). Regarding 
the test parameters in Table 6, zones 2, 3 and 4 showed 
high values of STA (500, 517 and 497 g/kg, respectively), 
and zones 1, 4 and 5 achieved the highest yield (5.26, 
5.34 and 5.34 t/ha, respectively). A trend of high soil 
Table 4. Field descriptive statistics for soil mechanical 
parameters used as test data: mean value (MV), standard 
deviation (SD), coefficient of variability (CV, %) and 
standard error (SE).
Field Soil parameter1 MV SD CV SE
F1-N STA 332 94.8 28.5 21.2
STR 33.4 22.0 65.8 4.93
CI 0.39 0.24 60.8 0.05
F2-C STA 683 112 16.4 25.0
STR 58.1 12.8 22.1 2.87
CI 1.18 0.36 30.3 0.08
F3-S STA 496 58.2 11.7 13.0
STR 215 71.9 33.5 16.09
CI 2.47 0.72 29.4 0.162
1STA: structural stability, g/kg. STR: shear strength, kPa. CI: 
cone index, MPa.
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Table 5. Mean values (MV, g/kg) and coefficients of 
variation (CV, %) of input parameters for each field zone.
Field Zone
Cluster parameters
Clay 
content
Organic 
matter
Water 
content
MV CV MV CV MV CV
F1-N 1 368 3.4 23.6 3.2 228 1.2
2 343 2.1 25.0 3.7 224 2.0
3 346 1.6 21.7 3.6 219 1.9
4 338 1.2 22.8 4.0 211 1.2
F2-C 1 297 4.8 12.6 4.0 195 2.9
2 242 7.3 13.1 4.2 177 4.5
3 301 6.0 14.4 7.8 184 5.4
4 371 3.3 14.2 3.8 219 2.7
5 340 5.1 14.2 5.2 220 3.4
F3-S 1 588 0.9 23.1 7.3 186 8.4
2 594 1.7 23.6 3.5 239 4.2
3 586 0.7 26.5 3.4 207 8.5
4 576 0.6 25.2 2.6 160 7.8
5 574 0.9 23.6 4.0 207 8.8
Figure 2. Values of the indices FPI, NCE and S, with respect to the number of classes c: (a) field F1-N, (b) field F2-C and 
(c) field F3-S.
strength values in term of STR and CI was found among 
the zones: zones 4 and 5 showed the highest values of 
shear strength (233 and 262 kPa, respectively), whereas 
zones 2 and 5 showed the highest values of CI (2.64 and 
2.60 MPa, respectively).
Discussion
The delineation of MZs represents a management 
tool allowing farmers to improve the environmental 
sustainability and the energy efficiency of their farm. In 
a previous study (Servadio et al., 2017), the definition of 
three management zones within a field showed that shear 
strength and structural stability were the most significant 
limiting factors for wheat yield. Furthermore, results 
showed that, in the field conditions of the tests, nitrogen 
fertilization could not be considered as a limiting factor 
for the yield. 
In the present study, considering the three different 
fields, yield mean values (Table 2) showed a temporal 
variability between the three consecutive growing 
seasons (2007–10). This could be ascribed to the 
meteorological conditions (Basso et al., 2009), in 
particular to the difference in rainfall distribution 
recorded during the three seasons (Servadio et al., 2017). 
According to Melo Damian et al. (2016), moisture 
could hardly be considered a limiting factor for wheat 
growth in 2008-09 growing season. Considering source 
parameters and test parameters, values associated 
with the whole field are in agreement with the values 
obtained from average yield of the three growing 
seasons. In fact, as shown in Table 2, yield was higher 
in the fields F3-S (clay) and F1-N (clay loam), which 
are both characterized by a higher content of clay and 
organic matter (as shown in Table 3) with respect to 
F2-C (sandy clay loam). According to Kumar et al. 
(2012), in F3-S, due to the higher content of clay and 
to the lower content of water, soil strength (in terms of 
STR and CI) was higher both with respect to the F2-C 
and to the F1-N (as shown in Table 4). Furthermore, 
higher percentage of structural stability was found in 
F2-C (sandy clay loam). 
Considering the results of the cluster analysis, from 
the defined classes within each field emerged that input 
soil attributes influenced soil physical-mechanical 
status and crop yield. In particular, in field conditions 
of F2-C (zones 4 and 5), high values of CC, OMC and 
WC correspond to high values of yield and to low/mid 
values of STA. On the contrary, in zone 2, low values 
of CC, OMC and WC correspond to low values of 
yield and to high value of STA. 
Similar results can be observed for F1-C (zones 
2 and 3), where mid/high values of CC and WC 
correspond to high values of yield and to mid values 
of STA. However, OMC was high in zone 2 and low 
in zone 3. Also, in zones 1 and 4, low values of yield 
a) b) c)
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Table 6. Mean values (MV) and coefficients of variation (CV, %) of test parameters for each 
field zone.
Field Zone
Test parameters
Shear strength Struct. stability Cone index Yield
MV CV MV CV MV CV MV CV
[kPa] [g/kg] [MPa] [t/ha]
F1-N 1 22.2 52.7 449 3.40 0.32 16.3 4.37 11.0
2 22.5 49.9 368 20.0 0.34 18.2 5.09 16.9
3 33.4 47.6 358 18.1 0.45 19.9 4.93 5.60
4 46.5 32.6 250 6.60 0.45 17.0 4.46 15.8
F2-C 1 53.6 8.70 625 4.80 1.14 6.20 3.94 8.50
2 73.9 9.60 762 11.9 1.34 12.7 3.97 6.10
3 56.6 14.9 720 8.80 1.28 8.60 4.35 6.60
4 57.4 12.9 718 7.40 1.09 5.10 4.68 4.60
5 56.4 17.4 651 13.0 1.11 3.80 4.74 4.50
F3-S 1 210 23.3 490 4.10 2.40 10.8 5.26 4.10
2 186 10.7 500 2.30 2.64 5.90 5.11 1.40
3 157 23.0 517 2.80 2.44 7.60 5.06 1.30
4 233 12.1 497 4.50 2.36 4.40 5.34 3.10
5 262 21.9 468 3.10 2.60 6.50 5.34 3.80
Figure 3. Management zones maps of the three fields: (a) 
F1-N; (b) F2-C; (c) F3-S.
correspond to high CC in zone 1 and to low CC in 
zone 4. 
In F3-S field conditions, the five zones were 
characterized by close means values of CC and yield. In 
zone 3, high values of CC, OMC and WC correspond to 
high values of STA. Furthermore, the high soil strength 
values found in field 3 seems to not affect yield.
The results obtained from cluster analysis can 
provide the basis for the application of VRA of input 
and variable tillage (VT). In particular, minimum 
tillage and/or sod seeding instead of deep plough, the 
latter being often applied in Central Italy (Servadio 
et al., 2014). VRA and VT can reduce total energy 
employed, fossil-fuel energy requirements, carbon 
dioxide emissions, and total cost of the crop cycle, at 
the cost of a small reduction of the crop yield (Servadio 
et al., 2014, 2017; Servadio & Bergonzoli, 2015).
As conclusions, in this paper, cluster analysis based 
on fuzzy c-means algorithm was applied to delineate 
site-specific management zones within three fields 
characterized by different soil texture. Crop yield and 
various soil parameters, both physical-chemical (soil 
structural stability, clay fraction, water content, and 
organic matter) and mechanical (shear strength and 
penetration resistance) were mapped and processed. 
Results obtained from each field were analyzed and 
compared to identify the most important factors 
affecting the soil mechanical status and the crop yield. 
These results highlighted: (i) spatial variability of the 
analyzed soil parameters; (ii) spatial and temporal 
Fuzzy clustering to delineate management zones in precision agriculture 
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variability of the grain yield between three consecutive 
growing seasons (2007–10), ascribed to the difference 
in rainfall distribution recorded during the three 
seasons; (iii) agreement between the whole-field values 
of source and test parameters and values obtained from 
average yield of the three growing seasons. Generally, 
high values of clay and organic matter contents 
corresponded to high values of grain yield and, in some 
zones, were effective to enhance structural stability. In 
the clay field, higher clay content related to the lower 
content of water increased soil strength (in terms of 
shear strength and cone index). Finally, the high soil 
strength values found in clay field seems to not affect 
grain yield.
The results obtained in this investigation stressed 
the importance of the definition of management zones 
as a tool to address spatial and temporal variability 
of soil properties and crop yield. The delineation of 
these zones lay down the basis for the application of 
further precision agricultural practices (variable rate 
and variable tillage applications), which can improve 
the energy efficiency of the farm and its environmental 
impact.
References
Alletto L, Coquet Y, Roger-Estrade J, 2010. Two-dimensional 
spatial variation of soil physical properties in two tillage 
systems. Soil Use Manage 26 (4): 432-444. https://doi.
org/10.1111/j.1475-2743.2010.00295.x
Basso B, Cammarano D, Chen D, Cafiero, G, Amato M, 
Bitella G, Rossi R, Basso F, 2009. Landscape position and 
precipitation effects on spatial variability of wheat yield and 
grain protein in Southern Italy. J Agron Crop Sci 195 (4): 
301-312. https://doi.org/10.1111/j.1439-037X.2008.00351.x
Basso B, Ritchie JT, Cammarano D, Sartori L, 2011. A 
strategic and tactical management approach to select 
optimal N fertilizer rates for wheat in a spatially variable 
field. Eur J Agron 35 (4): 215-222. https://doi.org/10.1016/j.
eja.2011.06.004
Beni C, Servadio P, Marconi S, Neri U, Aromolo R, Diana G, 
2012. Anaerobic digestate administration: Effect on soil 
physical and mechanical behavior. Commun Soil Sci Plant 
Anal 43 (5): 821-834. https://doi.org/10.1080/00103624.20
12.648359
Bezdek JC, Ehrlich R, Full W, 1984. FCM: The fuzzy c-means 
clustering algorithm. Comput Geosci 10 (2-3): 191-203. 
https://doi.org/10.1016/0098-3004(84)90020-7
Bláhová K, Ševelová L, Pilařová P, 2013. Influence of water 
content on the shear strength parameters of clayey soil in 
relation to stability analysis of a hillside in Brno region. 
Acta Univ Agric Silvic Mendel Brun 61 (6): 1583-1588. 
https://doi.org/10.11118/actaun201361061583
Brocca L, Melone F, Moramarco T, Morbidelli R, 2009. Soil 
moisture temporal stability over experimental areas in 
Central Italy. Geoderma 148 (3-4): 64-374. https://doi.
org/10.1016/j.geoderma.2008.11.004
Cannon RL, Dave JV, Bezdek JC, 1986. Efficient 
implementation of the fuzzy c-means clustering algorithms. 
IEEE Trans Pattern Anal Mach Intell 8 (2): 248-255. https://
doi.org/10.1109/TPAMI.1986.4767778
Coppola A, Comegna A, Dragonetti G, Lamaddalena N, Kader 
AM, Comegna V, 2011. Average moisture saturation effects 
on temporal stability of soil water spatial distribution 
at field scale. Soil Till Res 114 (2): 155-164. https://doi.
org/10.1016/j.still.2011.04.009
Córdoba M, Bruno C, Costa J, Balzarini M, 2013. Subfield 
management class delineation using cluster analysis from 
spatial principal components of soil variables. Comput 
Electron Agric 97: 6-14. https://doi.org/10.1016/j.
compag.2013.05.009
Cosh MH, Jackson TJ, Moran S, Bindlish R, 2008. Temporal 
persistence and stability of surface soil moisture in a semi-
arid watershed. Remote Sens Environ 112 (2): 304-313. 
https://doi.org/10.1016/j.rse.2007.07.001
Dane JH, Topp CG, 2002. Methods of soil analysis. Part. 4. 
Physical methods. Soil Sci Soc Am books series 5.
Davatgar N, Neishabouri MR, Sepaskhah AR, 2012. 
Delineation of site specific nutrient management zones 
for a paddy cultivated area based on soil fertility using 
fuzzy clustering. Geoderma 173-174: 111-118. https://doi.
org/10.1016/j.geoderma.2011.12.005
da Silva AP, Nadler A, Kay B, 2001. Factors contributing to 
temporal stability in spatial patterns of water content in the 
tillage zone. Soil Till Res 58 (3-4): 207-218. https://doi.
org/10.1016/S0167-1987(00)00169-0
Di Fonzo N, De Vita P, Gallo A, Fares C, Paladino O, 
Troccoli A, 2001. Crop management efficiency as a tool 
to improve durum wheat quality in Mediterranean areas. 
Les Colloques de l'INRA 99: 67-82. http://cat.inist.
fr/?aModele=afficheN&cpsidt=14181891 [3 Feb 2017]
Diacono M, Castrignanò A, Troccoli A, De Benedetto D, Basso 
B, Rubino P, 2012. Spatial and temporal variability of wheat 
grain yield and quality in a Mediterranean environment: A 
multivariate geostatistical approach. Field Crops Res 131: 
49-62. https://doi.org/10.1016/j.fcr.2012.03.004
Doolittle JA, Brevik EC, 2014. The use of electromagnetic 
induction techniques in soils studies. Geoderma 223-225: 
33-45. https://doi.org/10.1016/j.geoderma.2014.01.027
Ekwue EI, 1990. Organic-matter effects on soil strength 
properties. Soil Till Res 16 (3): 289-297. https://doi.
org/10.1016/0167-1987(90)90102-J
Eneje RC, Adanma N, 2007. Percent clay, aggregate size 
distribution and stability with depth along a toposequence 
formed on coastal plain sands. J Earth Sci 1 (2): 108-112.
FAO, 2006. World Soil Resources Reports 43. World 
reference base for soil resources. Rome.
Pieranna Servadio and Matteo Verotti
Spanish Journal of Agricultural Research December 2018 • Volume 16 • Issue 4 • e0206
10
Fleming KL, Heermann DF, Westfall DG, 2004. Evaluating 
soil color with farmer input and apparent soil electrical 
conductivity for management zone delineation. Agron J 96 
(6): 1581-1587. https://doi.org/10.2134/agronj2004.1581
Fridgen JJ, Kitchen NR, Sudduth KA, Drummond ST, 
Wiebold WJ, Fraisse CW, 2004. Management Zone 
Analyst (MZA): Software for Subfield Management Zone 
Delineation. Agron J 96: 100-108. https://doi.org/10.2134/
agronj2004.0100
Frogbrook ZL, Oliver MA, 2007. Identifying management 
zones in agricultural fields using spatially constrained 
classification of soil and ancillary data. Soil Use Manage 
Library 23 (1): 40-51. https://doi.org/10.1111/j.1475-
2743.2006.00065.x
Godwin RJ, Miller PCH, 2003. A review of the technologies 
for mapping within-field variability. Biosyst Eng 84: 393-
407. https://doi.org/10.1016/S1537-5110(02)00283-0
Gooley L, Huang J, Pagé D, Triantafilis J, 2014. Digital soil 
mapping of available water content using proximal and 
remotely sensed data. Soil Use Manage 30 (1): 139-151. 
https://doi.org/10.1111/sum.12094
Gorsevski PV, Gessler PE, Foltz RB, Elliot WJ, 2006. Spatial 
prediction of landslide hazard using logistic regression 
and ROC analysis. Trans GIS 10 (3): 395-415. https://doi.
org/10.1111/j.1467-9671.2006.01004.x
Guber AK, Gish TJ, Pachepsky YA, van Genuchten MT, 
Daughtry CST, Nicholson TJ, Cady RE, 2008. Temporal 
stability in soil water content patterns across agricultural 
fields. Catena 73 (1): 125-133. https://doi.org/10.1016/j.
catena.2007.09.010
Guo Y, Shi Z, Li HY, Triantafilis J, 2013. Application of 
digital soil mapping methods for identifying salinity 
management classes based on a study on coastal central 
China. Soil Use Manage 29 (3): 445-456. https://doi.
org/10.1111/sum.12059
Hamblin AP, 1985. The influence of soil structure on 
water movement, crop root growth, and water uptake. 
Adv Agron 38: 95-157. https://doi.org/10.1016/S0065-
2113(08)60674-4
Havaee S, Ayoubi S, Mosaddeghi MR, Keller T, 2014. 
Impacts of land use on soil organic matter and degree of 
compactness in calcareous soils of central Iran. Soil Use 
Manage 30 (1): 2-9. https://doi.org/10.1111/sum.12092
Hedley C, 2015. The role of precision agriculture for 
improved nutrient management on farms. J Sci Food Agric 
95 (1): 12-19. https://doi.org/10.1002/jsfa.6734
Höppner F, 1999. Fuzzy cluster analysis: methods for 
classification, data analysis and image recognition. John 
Wiley & Sons.
Keller T, Sutter JA, Nissen K, Rydberg T, 2012. Using field 
measurement of saturated soil hydraulic conductivity 
to detect low-yielding zones in three Swedish fields. 
Soil Till Res 124: 68-77. https://doi.org/10.1016/j.
still.2012.05.002
Kemper WD, Chepil W S, 1965. Size distribution of 
aggregates. In: Methods of Soil Analysis. Part 1. Physical 
and mineralogical properties, including statistics of 
measurement and sampling; Black CA (ed.). Am Soc 
Agron, Soil Sci Soc Am, pp: 499-510.
Kumar A, Chen Y, Sadek MA, Rahman S, 2012. Soil cone 
index in relation to soil texture, moisture content, and bulk 
density for no-tillage and conventional tillage. CIGR J 14 
(1): 26-37.
Lark RM, Stafford JV, 1997. Classification as a first step 
in the interpretation of temporal and spatial variation of 
crop yield. Ann Appl Biol 130 (1): 111-121. https://doi.
org/10.1111/j.1744-7348.1997.tb05787.x
López-Lozano R, Casterad MA, Herrero J, 2010. Site-
specific management units in a commercial maize plot 
delineated using very high resolution remote sensing and 
soil properties mapping. Comput Electron Agric 73 (2): 
219-229. https://doi.org/10.1016/j.compag.2010.04.011
Manuwa SI, Olaiya OC, 2012. Evaluation of shear strength 
and cone penetration resistance behavior of tropical silt 
loam soil under uni-axial compression. Open J Soil Sci 2: 
95-99. https://doi.org/10.4236/ojss.2012.22014
Marsili A, Servadio P, Pagliai M, Vignozzi N, 1998. Changes 
of some physical properties of a clay soil following 
passage of rubber- and metal-tracked tractors. Soil Till 
Res 49 (3): 185-199. https://doi.org/10.1016/S0167-
1987(98)00169-X
Melo Damian J, De Castro Pias OH, Santi AL, Di Virgilio 
N, Berghetti J, Barbanti L, Martelli R, 2016. Delineating 
management zones for precision agriculture applications: 
A case study on wheat in sub-tropical Brazil. Ital J Agron 
11 (3):171-179. https://doi.org/10.4081/ija.2016.713
Minasny B, McBratney AB, 2002. FuzME version 3.0. 
Australian Centre for Precision Agriculture, The 
University of Sydney, Australia. http://www.usyd.edu.au/
su/agric/acpa
Monaghan JM, Daccache A, Vickers LH, Hess TM, 
Weatherhead EK, Grove I G, Knox JW, 2013. More "crop 
per drop": Constraints and opportunities for precision 
irrigation in European agriculture. J Sci Food Agric 93: 
977-980. https://doi.org/10.1002/jsfa.6051
Moral FJ, Terrón JM, Silva JRM, 2010. Delineation of 
management zones using mobile measurements of 
soil apparent electrical conductivity and multivariate 
geostatistical techniques. Soil Till Res 106 (2): 335-343. 
https://doi.org/10.1016/j.still.2009.12.002
Mouazen AM, Ramon H, De Baerdemaeker J, 2003. 
Modelling compaction from on-line measurement of soil 
properties and sensor draught. Precis Agric 4 (2): 203-212. 
https://doi.org/10.1023/A:1024513523618
Mzuku M, Khosla R, Reich R, Inman D, Smith F, MacDonald 
L, 2005. Spatial variability of measured soil properties 
across site-specific management zones. Soil Sci Soc Am J 
69 (5): 1572. https://doi.org/10.2136/sssaj2005.0062
Fuzzy clustering to delineate management zones in precision agriculture 
Spanish Journal of Agricultural Research December 2018 • Volume 16 • Issue 4 • e0206
11
Naderi-Boldaji M, Sharifi A, Alimardani R, Hemmat A, 
Keyhani A, Loonstra EH, Weisskopf P, Stettler M, Keller 
T, 2013. Use of a triple-sensor fusion system for on-the-go 
measurement of soil compaction. Soil Till Res 128: 44-53. 
https://doi.org/10.1016/j.still.2012.10.002
Odeh IOA, Chittleborough DJ, McBratney AB, 1992. Fuzzy-
c-means and kriging for mapping soil as a continuous 
system. Soil Sci Soc Am J 56 (6): 1848-1854. https://doi.
org/10.2136/sssaj1992.03615995005600060033x
Ortega RA, Santibáñez OA, 2007. Determination of 
management zones in corn (Zea mays L.) based on soil 
fertility. Comput Electron Agric 58 (1): 49-59. https://doi.
org/10.1016/j.compag.2006.12.011
Pal NR, Pal K, Keller JM, Bezdek JC, 2005. A possibilistic 
fuzzy c-means clustering algorithm. IEEE Trans 
Fuzzy Syst 13 (4): 517-530. https://doi.org/10.1109/
TFUZZ.2004.840099
Reyniers M, Maertens K, Vrindts E, De Baerdemaeker J, 
2006. Yield variability related to landscape properties of a 
loamy soil in central Belgium. Soil Till Res 88 (1-2): 262-
273. https://doi.org/10.1016/j.still.2005.06.005
Schepers JS, Schlemmer MR, Ferguson RB, 2000. Site-
specific considerations for managing phosphorus. J 
Environ Qual 29 (1): 125-130. https://doi.org/10.2134/
jeq2000.00472425002900010016x
Schepers AR, Shanahan JF, Liebig MA, Schepers JS, Johnson 
SH, Luchiari A, 2004. Appropriateness of management 
zones for characterizing spatial variability of soil properties 
and irrigated corn yields across years. Agron J 96 (1): 195-
203. https://doi.org/10.2134/agronj2004.0195
Servadio P, 2010. Applications of empirical methods in 
central Italy for predicting field wheeled and tracked 
vehicle performance. Soil Till Res 10 (2): 236-242. https://
doi.org/10.1016/j.still.2010.08.009
Servadio P, 2013. Compaction effects of green vegetable 
harvester fitted with different running gear systems and 
soil-machinery relationship. J Agric Sci Appl 2 (2): 72-79. 
http://www.j-asa.org/paperInfo.aspx?ID=59. https://doi.
org/10.14511/jasa.2013.020204
Servadio P, Marsili A, Vignozzi N, Pellegrini S, Pagliai 
M, 2005. Effects on some soil qualities in central Italy 
following the passage of four wheel drive tractor fitted 
with single and dual tires. Soil Till Res 84 (1): 87-100. 
https://doi.org/10.1016/j.still.2004.09.018
Servadio P, Bergonzoli S, Toderi M, 2014. Soil mapping 
to assess workability in central Italy as climate change 
adaptation technique. Glob Nest J 16 (2): 229-239. https://
doi.org/10.30955/gnj.001299
Servadio P, Bergonzoli S, 2015. Spatial variability within a 
field and global efficiency during soil tillage. Proc XIII Eur 
Conf of the ISTVS, Rome (Italy), Oct 21-23. pp: 2-9.
Servadio P, Bergonzoli S, Beni C, 2016. Soil tillage systems 
and wheat yield under climate change scenarios. Agronomy 
6 (3): 43. https://doi.org/10.3390/agronomy6030043
Servadio P, Bergonzoli S, Verotti M, 2017. Delineation of 
management zones based on soil mechanical-chemical 
properties to apply variable rates of inputs throughout 
a field (VRA). Eng Agric Environ Food 10 (1): 20-30. 
https://doi.org/10.1016/j.eaef.2016.07.001
Soane BD, 1990. The role of organic matter in soil 
compactibility: A review of some practical aspects. Soil 
Till Res 16 (1-2): 179-201. https://doi.org/10.1016/0167-
1987(90)90029-D
Stafford JV, Lark RM, Bolam HC, 1999. Using yield maps 
to regionalize fields into potential management units. In: 
Precision Agriculture; Am Soc Agron, Crop Sci Soc Am, 
Soil Sci Soc Am, (publ), Madison, WI, USA, pp: 225-237.
Starr GC, 2005. Assessing temporal stability and spatial 
variability of soil water patterns with implications for 
precision water management. Agric Water Manage 72 (3): 
223-243. https://doi.org/10.1016/j.agwat.2004.09.020
Sylvester-Bradley R, Lord E, Sparkes DL, Scott RK, Wiltshire 
JJJ, Orson J, 1999. An analysis of the potential of precision 
farming in Northern Europe. Soil Use Manage 15 (1): 1-8. 
https://doi.org/10.1111/j.1475-2743.1999.tb00054.x
Taylor JC, Wood GA, Earl R, Godwin RJ, 2003. Soil factors 
and their influence on within-field crop variability, Part II: 
Spatial analysis and determination of management zones. 
Biosyst Eng 84 (4): 441-453. https://doi.org/10.1016/
S1537-5110(03)00005-9
Tracy SR, Black CR, Roberts JA, Mooney SJ, 2011. Soil 
compaction: A review of past and present techniques for 
investigating effects on root growth. J Sci Food Agric 91 
(9): 1528-1537. https://doi.org/10.1002/jsfa.4424
Vachaud G, Passerat de Silans A, Balabanis P, Vauclin 
M, 1985. Temporal stability of spatially measured 
soil water probability density function. Soil Sci 
Soc Am J 49 (4): 822-828. https://doi.org/10.2136/
sssaj1985.03615995004900040006x
Van Meirvenne M, Islam MM, De Smedt P, Meerschman 
E, Van De Vijver E, Saey T, 2013. Key variables for the 
identification of soil management classes in the aeolian 
landscapes of north-west Europe. Geoderma 199: 99-105. 
https://doi.org/10.1016/j.geoderma.2012.07.017
Vitharana UWA, Van Meirvenne M, Cockx L, Bourgeois J, 
2006. Identifying potential management zones in a layered 
soil using several sources of ancillary information. Soil 
Use Manage 22 (4): 405-413. https://doi.org/10.1111/
j.1475-2743.2006.00052.x
Vitharana UWA, Van Meirvenne M, Simpson D, Cockx 
L, De Baerdemaeker J, 2008. Key soil and topographic 
properties to delineate potential management classes 
for precision agriculture in the European loess area. 
Geoderma 143 (1-2): 206-215. https://doi.org/10.1016/j.
geoderma.2007.11.003
Vrindts E, Mouazen AM, Reyniers M, Maertens K, Maleki 
MR, Ramon H, De Baerdemaeker J, 2005. Management 
zones based on correlation between soil compaction, yield 
Pieranna Servadio and Matteo Verotti
Spanish Journal of Agricultural Research December 2018 • Volume 16 • Issue 4 • e0206
12
and crop data. Biosyst Eng 92 (4): 419-428. https://doi.
org/10.1016/j.biosystemseng.2005.08.010
Xiang L, Yu-chun P, Zhong-qiang G, Chun-jiang Z, 2007. 
Delineation and scale effect of precision agriculture 
management zones using yield monitor data over four 
years. Agric Sci China 6 (2): 180-188. https://doi.
org/10.1016/S1671-2927(07)60033-9
Xie XL, Beni G, 1991. A validity measure for fuzzy 
clustering. IEEE Trans Pattern Anal Mach Intell 13 (8): 
841-847. https://doi.org/10.1109/34.85677
Yu J, Cheng Q, Huang H, 2004. Analysis of the weighting 
exponent in the FCM. IEEE Trans Syst Man Cybern 
B Cybern 34 (1): 634-639. https://doi.org/10.1109/
TSMCB.2003.810951
